Differentiation is a key feature in pathologic classification and prognosis of neuroblastic tumors, although the underlying molecular mechanisms are not well defined. To identify key differentiation-related molecules and path-
Introduction
Neuroblastic tumors are the most common extracranial tumor and account for nearly 10% of all childhood cancer. They are considered developmental tumors that arise from cells of the neural crest probably because of genetic and molecular alterations that result in arrested differentiation and uncontrolled proliferation (1) . Clinically, neuroblastic tumors are heterogeneous with at least three distinct categories: tumors that present in infancy with disseminated disease that spontaneously regress or mature; local-regional tumors that rarely develop distant metastasis and, in general, carry a good prognosis; and highly lethal tumors that metastasize early, commonly to bone, and pose a difficult therapeutic challenge.
Neuroblastic tumors are also pathologically heterogeneous. Schwannian stroma-poor tumors (neuroblastoma) can be undifferentiated, or show early gangliocytic differentiation. Ganglioneuroblastomas have a mixture of immature neuroblasts, maturing ganglion cells, and Schwannian stroma. Ganglioneuromas are Schwannian stroma dominant, with mature gangliocytic and stromal components (2) . It is generally true that differentiated human neuroblastic tumors are associated with better outcome and lower stage. Therefore, induction of differentiation is considered to be therapeutically advantageous, and differentiating agents such as retinoic acid (RA) have become standard clinical treatment (3, 4) .
The regulation of differentiation in neuroblastic tumors is complex and poorly understood. RA is known to induce differentiation in several tumor types including neuroblastoma, and it is the most widely used differentiating therapeutic agent (5) . RA is a powerful morphogen that activates nuclear hormone receptors (RA receptor and retinoid X receptor), which in turn regulate transcription of genes with RA-responsive elements. In the absence of RA, corepressive elements (SMT, N-cor, and mSin3a) inhibit transcription. The presence of RA releases corepressors and histone deacetylases, allowing for chromatin remodeling and access to specific RA-responsive elements. The cellular retinol-and RA-binding proteins (CRBP and CRABP) enhance the binding of RA to its receptors (6) .
Endogenous retinoids play a critical role in normal development, and exogenous retinoids have been shown to suppress precancerous lesions and prevent the development of secondary cancers (7, 8) . The potential for induction of differentiation makes RA signaling a promising molecular target for neuroblastic tumors. The critical genes and pathways regulated by RA in neuroblastic tumors are not well characterized. Identification of RA targets and their functional roles may further their utility as therapeutic targets. We used a comprehensive genomic approach to define the transcriptional program associated with RA-induced differentiation in neuroblastic tumors and its relevance to human tumors.
Materials and Methods
Cell Lines SKN-LAI-5s (S type), SKN-BE(2) s (S type), SKN-BE(2) n (N type), SKN-BE (2) À5 mol/L all-trans-RA (Sigma, St. Louis, MO) was added when cells reached 60% confluence. An equivalent amount of carrier (70% ethanol) was added to controls. Morphologic differentiation of cell lines was assessed by observation using phase-contrast microscopy. Criteria for differentiation included neuritic extensions more than twice the length of the cell body, increasing adherence among neighboring cells, and denser colony aggregates (9 -11) .
Patient Tumor Samples Eighty-three neuroblastic tumors consisting of stages IVS, I, II, III, IV, and IVN and ganglioneuromas were obtained during surgical resection and immediately frozen in liquid nitrogen. The frozen tissue samples were reviewed histologically, and representative tissues were dissected to provide consistent tumor content among the samples. All tumors were fully annotated with clinical and histologic features. All studies were approved by the Memorial Sloan-Kettering Cancer Center Institutional Review Board.
RNA Extraction and Transcript Analysis of Neuroblastic Tumor Cell Lines and Neuroblastic Tumors
Total RNA was extracted from frozen specimens using Trizol reagent (Life Technologies, Inc., Gaithersburg, MD) and purified with the Qiagen RNeasy System (Qiagen, Mississauga, Ontario, Canada), according to the manufacturers' instructions. Labeled nucleic acid target was hybridized (45jC for 16 h) to Affymetrix Human U95 oligonucleotide arrays as previously described (12) . Expression values were calculated and normalized from the scanned array using Affymetrix Microarray Suite 5.0.
Total RNA was extracted from treated and control neuroblastic tumor cell line using the Qiagen RNeasy System (Qiagen, Valencia, CA) according to manufacturer's recommendations. RNA concentration was determined by its absorbance at 260 nm, and quality was assessed by the integrity of 28S and 18S rRNA after ethidium bromide staining of total RNA samples subjected to 1.2% agarose gel electrophoresis. Total cDNA was synthesized with a T7-polyT primer and reverse transcriptase (Superscript II, Life Technologies, Inc., Carlsbad, CA) followed by in vitro transcription with biotinylated UTP and CTP (Enzo Diagnostics, Farmingdale, NY). Labeled nucleic acid target quality was assessed by test 2 arrays and then analyzed using Affymetrix Genechip Human Genome U133 Set oligonucleotide arrays.
Antibodies and Western Blot Analysis Twenty micrograms of each total cell protein extract was separated by electrophoresis on Nu-PAGE Novex Bis-Tris gels (Invitrogen/Life Technologies, Carlsbad, CA) and transferred to nitrocellulose membranes according to standard procedures. Incubations with antibodies to RET and phosphorylated RET (sc-167 and sc-20252-R; Santa Cruz Biotechnology, Santa Cruz, CA) were carried out overnight at a dilution of 1:200 followed by secondary antibody for 1 h. Anti-RAN antibody (sc-1156; Santa Cruz Biotechnology) was used at a dilution of 1:200.
Quantitative Reverse Transcription-PCR Total RNA was purified from the SKN-BE2N and SKN-BE2C cell lines. One-step real-time quantitative reverse transcription-PCR was carried out using SYBR green detection with the Bio-Rad iCycler iQ Real Time PCR Detection System (Bio-Rad LifeCycler, Hercules, CA). The primers were DUSP6, TTTACTTCTGTCTCGTCTGC and TCTGAGCGTATCTATCATGG; DHRS3, TTCGGTTTAC-TATTTATTGTTCGGG and CTTTCACCACCAGATAGAT-CATCT; PLAT, GAAGCAATCATGGATGCAAT and TGCTGGTATATCATCTGCGTTT; IGFBP6, GTCTA-CACCCCTAACTGCGC and GCTTGGGGTTTACTCTCCT-TAG; FOXC1, AGAAGATCACCCTGAACGGC and ACATGTTGTAGGAGTCCGGG; and PLK2, GAGGG-GACTCGAAGAAGAAG and ACATTTTGCAAAGC-CACCCT (Sigma Proligo).
Immunohistochemistry Multi-tissue blocks of formalin-fixed, paraffin-embedded tissues corresponding to the samples used in our study were prepared using a tissue arrayer (Beecher Instruments, Silver Spring, MD). The blocks contained three representative 0.6-mm cores from diagnostic areas of interest and control tissue. Immunohistochemical analysis of tissue sections on slides was carried out using standard streptavidin-biotin peroxidase methods.
RNA Interference SKN-BE2N and SKN-BE2C cells were plated on 12-well plates in RPMI with 10% FCS and no antibiotics. At 60% confluence, 6 Amol/L small interfering RNA (siRNA) targeted to the RET proto-oncogene in transfection reagent and transfection medium (sc-36404, sc-29528, and sc-36868; Santa Cruz Biotechnology) was added according to manufacturer's guidelines. All-trans-RA (10 À5 mol/L) was added 5 h after RET siRNA. Nonspecific siRNA was used as control under identical conditions (sc-37007; Santa Cruz Biotechnology). Cells were incubated at 37jC for 24 h and collected for Western blot analysis and RNA extraction per standard procedures. Viability was measured using the 3-(4,5 dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide colorimetric assay (American Type Culture Collection, Rockville, MD; ref. 13 ). Assays were done in triplicate.
Immunofluorescence Cells were treated with RET siRNA (as previously described) and a nonspecific control siRNA (as previously described). All-trans-RA (10 À5 mol/L) was added 5 h after RET siRNA. Twenty-four hours later, cells were fixed with 4% formaldehyde, blocked with 2% goat serum, and incubated with rabbit anti-ret antibody (1:200) at room temperature for 1 h. Slides were then incubated with biotinylated anti-rabbit IgG at a dilution of 1:500 for 1 h at room temperature. A fluorescent streptavidin, Alexa Fluor 594 conjugate (S-11227; Invitrogen, Carlsbad, CA) at a dilution of 1:200 was added for 1 h in the dark at room temperature. After mounting with Immu-mount (Shandon, Pittsburgh, PA), images were captured using an Axio2 Imaging wide-field fluorescence microscope.
Pharmacologic Studies ZD6474 (Zactima) was kindly provided by AstraZeneca Pharmaceuticals UK (Chesire, United Kingdom). ZD6474 (5 Amol/L) was added to neuroblastic tumor cell lines (SH-SY5Y, SKN-BE2C, and SKN-BE2N) when they reached 60% confluence. RA was added 5 h after the drug. Neuroblastic tumor cell lines with DMSO only were used as controls. At 24 h, cells were washed with PBS, collected, and lysed with an SDS 1% cell lysis buffer (0.1 mol/L with 1 mmol/L DTT), a protease inhibitor (Halt Protease Inhibitor Cocktail kit, Pierce, Rockford, IL), and a phosphatase inhibitor (Halt Phosphatase Inhibitor Cocktail, Pierce). Morphology was imaged using phase-contrast microscopy, and protein analysis was done with Western blot.
Data Analysis To assess the relationship between gene expression of samples, we used an average linkage hierarchical cluster algorithm in ''Cluster,'' and results were displayed in ''Treeview'' software. 3 The data was log 2 transformed, and genes were centered and normalized.
A Fisher's exact test was used to calculate the hypergeometric probability of overlap between specified gene lists compared against a random list sampled from all genes. The resulting P value was adjusted with a Bonferroni multiple testing correlation (Genespring 6.0 software, Silicon Genetics, Redwood City, CA; ref. 14).
Results

Transcript Changes During RA-Induced Differentiation of Neuroblastoma
To identify genes that participate in neuroblastic tumor differentiation, we treated neuroblastic tumor cell lines with all-trans-RA and monitored changes in transcript levels during the time course of differentiation. We chose seven different cell lines that represent a spectrum of neuroblastic tumor cell types (15) . The N-type cell lines [SKN-BE(2) n and SH-SY5Y] have immature neuroblasts, a high nuclear to cytoplasmic ratio, fewer adherence to the substrate, and increased adherence to other cells. The S-type lines [SKN-BE (2) Six of the seven neuroblastic tumor cell lines showed the expected morphologic changes following treatment including neuritic extensions, increased adherence to neighboring cells, and denser colony aggregates (Fig. 1) . Morphologic changes were evident at 12 h and were fully developed at 24 to 48 h. SKN-LAI-5s did not show convincing morphologic evidence of differentiation even after 5 days of treatment with RA, as previously reported (16) .
RNA was prepared from RA-treated and control cell lines at 0, 12, 24, and 48 h posttreatment and analyzed for transcript abundance using oligo nucleotide arrays with 22,000 probe sets. Transcript level alterations were determined by comparing the change in probe set signal intensity with RA treatment with that of control cells exposed to carrier alone. There was marked heterogeneity in the transcriptional response among the individual cell lines. This was most evident at the earliest time point with greater similarity of transcript changes detected later in the time course of the experiment. For example, at 12 h posttreatment, the number of probe sets detecting >3-fold differential expression ranged from 115 for EP1 to 8 in the unresponsive LAI-5s cell line (Table 1) . A total of 552 probe sets detected transcript alterations of at least z3-fold in the seven cell lines at some time point in the experiment. This degree of heterogeneity in transcriptional response to RA suggested that individual cell lines have relatively unique responses to RA, although in most cases, the end result (i.e., differentiation) is similar. Cell context, therefore, seems to be an important variable for the initial phases of gene regulation by RA. Consistent with this concept, we found there was greater similarity among the three subclones of the BE(2) cell line than between different cell lines. This suggests that the unique response of an individual cell lineage to RA is maintained, although these sublines differ in cell type (N, S, and I; Fig. 2 ). There were 35 probe sets showing altered expression at 48 h common to all three BE(2) cell lines. The greatest degree of overlap was seen with SKN-BE2n and SKN-BE2s, which shared 129 probe sets detecting altered transcript levels.
Despite the heterogeneity, a small number of genes consistently responded to RA. At 12 h, seven genes were strongly up-regulated (at least 3-fold after filtering to remove genes with low level expression) in at least four of the six responsive neuroblastoma cell lines. At 24 h, 11 genes were strongly differentially expressed in at least four cell lines, and at 48 h, 19 genes were differentially expressed ( Table 2) . Several of the transcripts that were altered after RA treatment have been previously described as regulated by retinols and serve as independent validation (6, 17 -21).
Expression of Genes that Are Regulated by RA Is Associated with Distinct, Clinically Relevant Subgroups of Human Neuroblastic Tumors
To evaluate the relevance of expression of RA-regulated genes in human neuroblastic tumors, we evaluated transcript profiles of 83 neuroblastic tumors that represent a spectrum of differentiation and stages (12) . Hierarchical cluster analysis of transcript levels for the 552 genes that were differentially expressed 3-fold in the seven cell lines following RA treatment showed a strong tendency for some clinically relevant classes of neuroblastic tumors to form distinct clusters (Fig. 3) . In particular, the profiles for stroma-poor, MYCN-amplified, stage IV neuroblastic tumors were closely correlated and distinct from the profiles of stroma-rich neuroblastic tumors. Further analysis revealed an overrepresentation of genes that are differentially expressed between MYCN-amplified and nonamplified neuroblastic tumors within the 552 RAregulated gene set and also for genes that are differentially expressed between stroma-poor and stroma-rich neuroblastic tumors (3-fold change; Fisher's exact test, P < 0.001 for each). The strong correlation between expression of these genes and biologically distinct subclasses of human neuroblastic tumors suggests these are also relevant in vivo.
RET Proto-oncogene Activity Is Required for RAInduced Differentiation
The consistent altered regulation of specific genes by RA implies that these gene products are critically important for RA-induced differentiation of neuroblastic tumors. Increased expression of the RET tyrosine kinase transcript is one of the earliest and most consistent events following RA treatment of the neuroblastic tumor cell lines (Fig. 4) . Because RET plays a crucial role in neural crest development, we asked if high levels of RET activity were necessary for differentiation to occur in neural crestderived neuroblastic tumors. ZD6474 is a potent inhibitor of several tyrosine kinases, including vascular endothelial growth factor receptor-2, epidermal growth factor receptor, and RET (22) . It has been shown to affect cell morphology and tumorigenesis by inhibition of oncogenic forms of RET (23) . RET is the only one of the three receptors up-regulated after RA treatment in neuroblastic tumors, and we tested the effects of ZD6474 on RA-induced differentiation using Table 2 . Genes (probe sets) overexpressed at least 3-fold in four of the six RA-responsive neuroblastic tumor cell lines 12 h 24 h 48 h three neuroblastic tumor cell lines (SH-SY5Y, SKN-BE2n, and SKN-BE2c). Phosphorylated RET was dramatically increased by 24 h after RA administration and decreased by treatment with ZD6474 in all three cell lines (Fig. 5) . Furthermore, the morphologic features of differentiation that follow RA administration were markedly curtailed by ZD6474 as evidenced by decreased numbers and lengths of cellular processes. The data suggest that RET activity is required for RA-induced differentiation in neuroblastic tumor cell lines. Because pharmacologic inhibition with ZD6474 is not RET specific, we also used a pool of three siRNAs targeting exon 7, exon 16, and exon 19 of both isoforms of the human RET mRNA to specifically reduce RET expression (24) . siRNA transfection was carried out in SKN-BE(2) n and SKN-BE(2) c because both had shown a rapid response to RA treatment with characteristic morphologic changes and increased expression of RET by 18-and 5.1-fold, respectively. RET siRNA abrogated RA induction of RET in a subset of cells as determined by immunofluorescence and Western blot (Fig. 6A and B) . The degree of RET interference approximately corresponded to the 50% transfection efficiency achieved in these cell lines with siRNA. To correlate RET expression and degree of differentiation, we randomly selected 52 cells from the treated and control group for morphometric analysis. RET expression was significantly decreased in a proportion of the cells by 24 h after treatment with RET-specific siRNA (P < 0.001; Fig. 6C ). In addition, RET interference resulted in failure of RA to induce morphologic differentiation in both cell lines (Fig. 6) . We used the sum of the length of neuritic extensions for each of the same 52 cells as a measure of differentiation (25, 26) . There was a strong statistical difference between the RET siRNA and control siRNA treated cells with regard to the mean of the sum of neuritic extensions (100 versus 51; P < 0.001; Fig. 6D ).
We further asked if RET interference affected transcriptional changes associated with RA-induced differentiation. We selected six differentiation-related genes for which expression had been markedly increased by RA in our previous microarray experiment (Table 1) . We evaluated DUSP6, DHRS3, FOXC1, IGFBP6, PLAT, and PLK2 transcript levels following RA administration with or without RET siRNA using quantitative reverse transcription-PCR. Two cell lines were tested (SKN-BE2C and SKN-BE2N) in triplicate with h-actin as a control. RA-induced expression of DHRS3, PLK2, and IGFBP6 was much reduced by RET siRNA in both cell lines (P = 0.028, 0.0011, and 0.0079, respectively), whereas levels of DUSP6, FOXC1, and PLAT were unchanged (Fig. 7) . This series of experiments suggests that RET activity mediated RA-induced expression of some genes and was required for morphologic differentiation in neuroblastic tumors. 
Discussion
RA induces differentiation in many cell types and is a clinically useful therapeutic agent. Neuroblastic tumors, in particular, are well known to show dramatic neural maturation in response to RA and provide a useful model to investigate this complex process. We did a genome-wide, high-throughput molecular analysis of RA-induced differentiation in seven neuroblastic tumor cell lines and found that transcriptional responses were heterogeneous and cell context dependent. Nonetheless, there were a relatively small number of transcript alterations that were consistent across the RA-responsive cell lines. Furthermore, the expression of RA-responsive genes was associated with clinically relevant subclasses of human neuroblastic tumors and most distinct between stroma-rich and stroma-poor tumor classes. The constant RA-responsive gene products are candidates as key regulatory molecules for induction of neural differentiation. In support of this concept, the tyrosine kinase receptor RET was found to be required for RA-induced differentiation of neuroblastic tumors.
Several prior high-throughput efforts to study the effects of RA on neuroblastic tumors have been reported. Most are limited to one or two specific cell lines and used early versions of probe arrays (27, 28) . A recent study used a cDNA microarray with 4,500 probes to analyze genes regulated by RA in two neuroblastoma cell lines (SKN-BE2C and SH-SY5Y; ref. 20) . Several of the genes identified as altered in both cell lines were confirmed in our results. This study went on to show that many RAinduced gene expression changes also occurred in RAtreated breast and lung cancer cells. It is interesting to note that there is very limited overlap between the RAregulated genes identified in our study and results of similar published experiments in acute promyelocytic leukemia and medulloblastoma (29, 30) .
The functional roles of the RA target genes in neuroblastic tumors represent a broad spectrum. Several are believed to regulate RA activity. CRABP2 and RARB are RA-binding proteins that play a role in regulation of transcription by RA, whereas CYP26A1 and CYP26B1 are P450 cytochromes that are involved in metabolism and inactivation of RA (6) . These genes are well known to be responsive to RA (20, 22, 31 -34) . It may be that inhibition of these key enzymes that regulate RA degradation, or activation of gene products that enhance RA activity, could potentiate RA therapeutic activity and be clinically useful (35, 36) .
The mitogen-activated protein kinase (MAPK) pathway member DUSP6 was highly up-regulated by RA. MAPKs are involved in a variety of cellular processes including differentiation and proliferation (37 -39) . DUSP6 is a dualspecificity phosphatase that dephosphorylates phosphothreonine and phospho-tyrosine residues within MAPKs and is highly specific for extracellular signal-regulated kinase 1/2 inactivation (40). DUSP6 is located on chromosome 1p36. Loss of chromosome 1p36 is associated with poor outcome in neuroblastic tumors and is frequent in high-risk tumors (41) . Allelic loss may contribute to decreased DUSP6 expression, increased extracellular signal-regulated kinase 1/2 activity, and preservation of an undifferentiated state. RA-induced expression of DUSP6 may contribute to differentiation and suggests that other extracellular signal-regulated kinase 1/2 inhibitors could have therapeutic potential.
Protein kinase C family members phosphorylate a wide variety of protein targets and are known to be involved in diverse cellular signaling pathways. PRKCH is a calciumindependent and phospholipid-dependent member of the protein kinase C family that has been reported to activate MAPK13 (p38delta) -activated protein kinase cascade and the Akt-mammalian target of rapamycin signaling pathways (42) . PRKCH is located on chromosome 14q22-q23. Of interest, the distal portion of chromosome 14q is frequently deleted in neuroblastic tumors, suggesting that it may harbor a tumor suppressor gene (43) .
The FOXC1 transcription factor was up-regulated after RA treatment and is known to play a role in the regulation of embryonic and ocular development. Mutations in this gene cause various glaucoma phenotypes including primary congenital glaucoma, autosomal-dominant iridogoniodysgenesis anomaly, and Axenfeld-Rieger anomaly (44) . There is evidence that FOXC1 functions as a tumor suppressor through transforming growth factor-h1 -mediated signals (45) , and the FOX gene family is highly implicated in carcinogenesis (46) .
The RET proto-oncogene encodes a receptor tyrosine kinase expressed in neural crest and urogenital precursor cells (47, 48) . It is detected in many human tumors of neural crest origin and considered the causative gene for human papillary thyroid carcinoma (rearrangements), multiple endocrine neoplasias types 2A and 2B (mutations), and Hirschbrung's disease (germline mutations; refs. 49 -52) . RET mutations have not been identified in neuroblastic tumors (53) . In rodent embryonic and adult tissues, RET is highly expressed in the enteric, sympathetic, sensory, central motor, dopamine, and adrenergic neurons, suggesting its involvement in the differentiation and survival of these neurons (45) .
Many studies have concluded that RET plays a major role in differentiation and proliferation (21, 51) . It participates in a reciprocal loop between stromal mesenchyme and the ureteric bud epithelium; vitamin Adependent signals secreted by stromal cells control Ret expression in the ureteric bud. Ureteric bud signals dependent on Ret then control stromal cell patterning (54) . RET expression within the differentiating metanephros may control the nephron mass (55) , and increased RET expression occurs before neurite outgrowth in neuroblastic cells induced with RA (56) .
Our studies further suggest that RET may be central to RA-induced differentiation in neuroblastic tumor cell lines. Phosphorylations of Y1062 and Y1096 in the tyrosine kinase domains activate RET, resulting in a variety of cellular changes, including differentiation, survival, and proliferation. Downstream signaling may involve many different pathways, including phosphatidylinositol 3-kinase/AKT, RAS/extracellular signal-regulated kinase, c-Jun NH 2 -terminal kinase, and p38MAPK (57, 58) . We found that inactivation of RET decreased transcript levels for some of the genes that are part of a RA-induced transcriptional program and abrogated differentiation in neuroblastic tumor cell lines. We and others have found that RET mRNA and protein is primarily expressed in cells with gangliocytic differentiation in human neuroblastic tumors and normal tissue (ref. 59 ; data not shown). This is reflected in gene expression data where neuroblastic tumors and cell lines with extensive gangliocytic differentiation have the highest levels of RET expression, and stroma-rich tumors with a paucity of gangliocytic cells have high levels of expression only in the gangliocytic component and, therefore, a lower overall gene expression value. It is likely that RET signaling is a key component of RA-induced differentiation, and this result suggests that other genes we identified as part of the RA-induced transcriptional program may be critical elements of the process.
The synthetic retinoid cis-RA is currently used in multimodality treatment for some neuroblastoma patients (4). It is still unclear which neuroblastic tumor patients will respond to RA therapy. Sensitivity or resistance to RA therapy may depend on activation of the transcriptional programs described here, and these specific transcripts may serve as surrogate markers of potential benefit. It could be that only those tumors able to activate this program will respond to RA therapy by differentiation and, therefore, achieve a therapeutic benefit. Post-therapy transcript analysis of tumor samples may be informative and help guide therapeutic strategy.
